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Previous studies from this laboratory demonstrated that in 
healthy young men, cardiac output is closely coupled to 
oxygen uptake during dynamic exercise, regardless of its 
mode or relative intensity, whereas other physiologic re- 
sponses such as heart rate, blood pressure and ventilation 
are inversely related to the size of the active muscle mass 
when expressed as functions of oxygen uptake. The purpose 
of the current investigation was to determine whether 
congestive heart failure alters the pattern of physiologic 
responses to various modes of arm and leg exercise in 
proportion to the size of the active muscle mass. 
Cardiopulmonary responses to four modes of dynamic 
work (one arm curl, one arm cycle ergometry, one leg cycle 
ergometry and two leg cycle ergometry) were characterized 
in terms of absolute and relative intensities (oxygen uptake 
and mode-specific percent of peak oxygen uptake, respec 
tively) in middle-aged men with congestive heart failure and 
control groups of healthy subjects and patients after myo- 
cardial infarction without heart failure. Peak oxygen up- 
take was reduced to the greatest extent in patients with 
heart failure for large muscle mass work (-13% for curl, 
-32% for one arm and one leg cycle ergometry and -37% 
An outstanding feature of the normal cardiovascular re- 
sponse to dynamic or rhythmic exercise is the close coupling 
of systemic oxygen transport (the product of cardiac output 
and arterial oxygen content) to peripheral oxygen demand 
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for two leg cycle ergometry; p < 0.05 versus the normal 
group for the three modes of ergometry). This finding was 
paralleled by a markedly blunted slope for the cardiac 
output-oxygen uptake relation for leg but not arm exercise 
that was only partially compensated for by a widened 
arteriovenous oxygen difference. Blood pressure expressed 
as a function of oxygen uptake remained inversely related 
to active muscle mass sire in all groups of subjects despite 
attenuation of systolic pressure for heavy large muscle mass 
effort in the group with heart failure. Pulmonary ventila- 
tion at a given metabolic rate was not influenced by active 
muscle mass size. 
Thus, saturation of capacity for systemic oxygen trans- 
port occurs in conjunction with blunted cardiac output 
reserve in patients with heart failure during exercise involv- 
ing a smaller muscle mass than in healthy subjects. The 
basic inverse relation between size of the active muscle mass 
and blood pressure at a given metabolic rate is not altered 
by aging or reduced cardiac reserve. The muscle mass effect 
on ventilation seen in young healthy subjects disappears 
with aging. 
(J Am CON Cardiol1989;14:683-94) 
during submaximal and maximal work, regardless of age or 
state of fitness (I ,2). Recent studies from our laboratory (3) 
demonstrated that in young healthy men the relation be- 
tween cardiac output and oxygen uptake does not vary 
among diverse forms of upper and lower limb dynamic 
exercise spanning a broad range in size of the active muscu- 
lature. In contrast, other cardiovascular responses to dy- 
namic work are inversely proportional to size of the active 
muscle mass. Thus, heart rate is faster at any given level of 
oxygen uptake for small versus large muscle mass work, 
possibly because stroke volume is smaller under these 
conditions as a result of lower cardiac filling pressures and 
higher afterload (4-7). An even greater disparity exists 
among blood pressure responses to various modes of exer- 
cise. Arterial pressure is disproportionately greater at a 
given level of oxygen uptake for work involving small 
dlY8Y by thr American College of Cardiology 0715.1097/89/$3.50 
684 MARTIN ET AL. 
EXERCISE RESPONSES IN HEART FAILURE 
JACC Vol. 14. No. 3 
September 1989:683-94 
muscle groups, probably as a consequence of a smaller disease were in sinus rhythm and were able to exercise to an 
region of activity-induced vasodilation at a given cardiac end point of exhaustion (that is, no exercise tests were 
output, and perhaps also because of greater intramuscular terminated for angina pectoris, claudication, arrhythmias or 
pressure in working tissue, which may limit effective perfu- hypotension). There were no significant differences among 
sion pressure. the three groups in height or weight. 
Capacity for heavy exercise involving a large muscle 
mass is limited primarily by the maximal rate of oxygen 
transport to the active musculature (8). Older human sub- 
jects and patients with heart disease generally have a dimin- 
ished maximal treadmill or bicycle work capacity because of 
lower cardiac output reserve (9,lO). However, the effect of 
decreased capacity for large muscle mass exercise on peak 
oxygen uptake and cardiopulmonary responses to diverse 
modes of dynamic exercise differing in the size of the active 
muscle mass has not been characterized. We hypothesized 
that hemodynamic and pulmonary responses and peak exer- 
cise capacity would be disproportionately reduced for large 
versus small muscle mass work in patients with chronic 
congestive heart failure in comparison with healthy age- 
matched subjects and patients without heart failure. To test 
this hypothesis, we measured peak oxygen uptake and 
characterized the relation between exercise intensity and 
cardiopulmonary responses for four modes of dynamic up- 
per and lower limb work designed to activate widely varying 
proportions of total muscle mass. Effects of congestive heart 
failure and previous myocardial infarction on patterns of 
cardiopulmonary responses were defined in terms of both 
absolute and relative exercise intensities (oxygen uptake and 
percent of peak oxygen uptake for each exercise mode, 
respectively) to permit comparisons among exercise modes 
and subject groups with dissimilar peak capacities for two 
leg bicycle exercise. 
The study was approved by the Institutional Human 
Research Review Committee. All subjects gave voluntary 
written informed consent. 
Medications. No normal subjects were being treated with 
regular medication. One patient with heart disease received 
therapy with a beta-adrenergic antagonist (metoprolol). All 
five patients with heart failure were being treated with 
digoxin and furosemide; three also took long-acting nitrates 
and one each took captopril, nifedipine, quinidine and phe- 
nytoin. Medications with significant vasodilator activity 
were withheld for at least 12 h and metoprolol for at least 3 
days before all exercise tests. 
Left ventricular function. Left ventricular function at rest 
was assessed by either contrast angiography or radionuclide 
ventriculography. For catheterization studies, left ventricu- 
lar ejection fraction was determined by the area-length 
method, as modified by Kennedy et al. (11). For nuclear 
studies, scintigraphic data were acquired using a Baird 
Atomic system 77 multicrystal camera after intravenous 
bolus injection of I5 mCi of technetium-99m diethylenetri- 
amine pentaacetic acid (12). Left ventricular ejection frac- 
tion was calculated from the time-activity curve after sub- 
traction of background activity. 
Exercise studies. Subjects visited the laboratory for exer- 
cise testing on at least five separate occasions, with no tests 
conducted <48 h apart. On the initial visit, peak oxygen 
uptake was determined for two leg cycling. During subse- 
quent visits, physiologic studies were performed at rest and 
during a spectrum of intensities of dynamic exercise in each 
of four modes chosen on the basis of previous investigations 
in young healthy men to elicit approximately 20, 50, 75 and 
100% of peak oxygen uptake values attained during two leg 
cycling. Size of the active muscle mass for each exercise 
mode was defined in terms of its peak oxygen uptake relative 
to that for two leg cycling. 
Methods 
Study subjects. Five healthy men, aged 54.5 * 1.3 years 
(mean +- SE), and IO men of similar age with previous 
myocardial infarction were studied. The tirst group of sub- 
jects all had a normal history, physical examination, rest 
electrocardiogram (ECG) and maximal graded bicycle exer- 
cise test. Five patients with prior infarction. aged 60.4 + 5.2 
years, had chronic stable congestive heart failure defined by 
clinical signs and symptoms, left ventricular ejection fraction 
at rest co.35 (mean 0.25 2 0.06) and peak oxygen uptake 
during bicycle exercise at least 2 SD below the mean for 
healthy subjects (16.2 + I.4 versus 25.8 + I. 1 mllmin per kg 
for the congestive heart failure and normal groups, respec- 
tively; p < 0.01). The other five patients with prior infarc- 
tion, aged 54.0 * I.3 years, had no clinical history of 
congestive heart failure and had a normal peak oxygen 
uptake during bicycle exercise (24.4 f I.6 ml/min per kg). 
Myocardial infarction was documented by occurrence of 
typical symptoms and ECG and plasma enzyme findings at 
least 3 months before initial testing. All patients with heart 
The four exercise modes consisted of one arm curl, one 
arm cycle ergometry, one leg cycle ergometry and two leg 
cycle ergometty. All studies were conducted in the upright 
(seated) posture. Relative exercise intensities within each 
mode, defined as activity-specific percent of peak oxygen 
uptake, averaged 61% to 72% and 100% peak effort for curl, 
56% to 59% and 100% for one arm cycle ergometry, 51% to 
52%, 79% to 85% and 100% for one leg cycle ergometry and 
33% to 40%. 57% to 61%, 80% to 83% and 100% for two leg 
cycle ergometry. Appropriate work rates were determined 
from preliminary studies. Individual periods of exercise 
were 4 to 6 min in duration and progressed in intensity from 
lowest to highest. Each work period was separated by a 10 to 
15 min rest interval. Oxygen uptake, cardiac output, heart 
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rate, blood pressure, pulmonary ventilation and respiratory 
rate were determined after S to 10 min of seated rest and 
during the latter 2 min of each exercise test. Stroke volume, 
arteriovenous oxygen difference, total peripheral resistance 
and tidal volume were calculated from these data. The Frank 
lead ECG was monitored continuously by oscilloscope 
throughout all exercise tests. 
Oxygen uptake and carbon dioxide production. Oxygen 
uptake and carbon dioxide production were determined by 
the Douglas bag technique (13). Respiratory gas concentra- 
tions were measured on a Perkin-Elmer MGA 1100 mass 
spectrometer, and expired air volumes were obtained using a 
Tissot spirometer. Peak oxygen uptake for each mode was 
defined as the highest level of oxygen uptake attained during 
exhausting exercise. 
Cardiac output. Cardiac output was determined at rest 
and during the terminal 15 s of exercise with the acetylene 
rebreathing technique (14). The correlation coefficient be- 
tween assessments of cardiac output made using the indica- 
tor-dilution and acetylene rebreathing techniques is 0.94 in 
our laboratory. The standard error of the mean difference for 
multiple acetylene studies conducted under the same condi- 
tions is <S%. 
Heart rate, blood pressure, respiratory rate and other 
physiologic variables. The ECG and other physiologic data 
were recorded during simultaneous measurements of cardiac 
output and oxygen uptake. Heart rate was calculated from I5 
consecutive RR intervals on the ECG. Stroke volume was 
derived as the quotient of cardiac output and heart rate. 
Indirect arterial blood pressure was determined by analysis 
of recorded output from a Narco Biosystems electrosphyg- 
momanometer (model PE-300). as described previously (13). 
Mean blood pressure (mm Hg), total peripheral resistance 
(dynes*sem-‘) and arteriovenous oxygen difference (~1%) 
were calculated from standard formulas (13). Respiratory 
rate (breathslmin) was determined from 15 consecutive 
recorded oscillations of expired air gas concentrations. Tidal 
volume (liters) was derived as the quotient of pulmonary 
minute ventilation and respiratory rate. Ventilatory equiva- 
lents for oxygen and carbon dioxide were defined as minute 
ventilation divided by oxygen uptake and carbon dioxide 
production, respectively. The respiratory exchange ratio 
was defined as the quotient of carbon dioxide production and 
oxygen uptake. 
Statistics. The effect of size of the active muscle mass on 
physiologic responses to exercise was evaluated for results 
expressed both in terms of absolute work rate (oxygen 
uptake) and relative work rate (percent of peak oxygen 
uptake). For results expressed in terms of absolute work 
rate, regression equations defining relations among various 
physiologic variables and oxygen uptake were determined 
by computer for each exercise mode and subject group. For 
results defined in terms of relative work rate, physiologic 
responses were compared at a similar percent of peak effort. 
Significant effects of exercise mode and subject group were 
evaluated by analysis of variance and covariance, followed 
by Neuman-Keuls post-hoc multiple comparison tests to 
identify individual differences. Data results were expressed 
as mean values ? SE. Statistical differences were considered 
significant at a probability (p) level of 0.05. 
Results 
Rest studies. There were no significant differences in 
oxygen uptake, heart rate, blood pressure, arteriovenous 
oxygen difference and pulmonary ventilation at rest among 
healthy 54 year old men and patients with prior infarction 
with and without congestive heart failure. Cardiac output 
and stroke volume at rest were 28 and 31% lower, respec- 
tively (both p < 0.05), and total peripheral resistance was 
43% higher (p < 0.05) for patients with congestive heart 
failure versus healthy subjects (Fig. I). 
Exercise capacity (Table 1). For both healthy subjects and 
patients without heart failure, activity-specific peak oxygen 
uptake values for the four modes of dynamic arm and leg 
exercise differed from each other as listed in descending 
order in the following hierarchy: two leg cycle ergometry > 
one leg cycle ergometry > one arm cycle ergometry > one 
arm curl (all p < 0.05) (Fig. 1). Patients with congestive heart 
failure had similar values for peak curl as the latter two 
groups, but lower peak oxygen uptake values for the three 
exercise modes requiring a larger active muscle mass (one 
arm, one leg and two leg cycle ergometry; all p < 0.05 versus 
normal and no heart failure postinfarction groups). Incre- 
ments in peak oxygen uptake among exercise modes were 
smaller in patients with heart failure, and peak work capacity 
for one and two leg cycling was not significantly different, in 
contrast to results for the other two groups. The ratio of peak 
oxygen uptake for curl to that for two leg cycling ranged 
from 24.8 * 2.1% for normal subjects to 34.9 t 3.9% for 
patients with congestive heart failure. Corresponding values 
ranged between 47.6 -C 5.8 and 57.5 5 4.0% for one arm 
cycle ergometry and between 76.0 t 7.2% and 86.6 2 7.4% 
for one leg cycling for patients without and with heart 
failure, respectively. The trend toward higher values for 
patients with congestive heart failure was significant for curl 
(p < O.OOl), but not for one arm or one leg cycle ergometry. 
Respiratory exchange ratio. Respiratory exchange ratio 
data were consistent with achievement of peak effort at the 
highest exercise intensity by all three groups of subjects. No 
significant effects of active muscle mass size or cardiac 
status on respiratory exchange ratios at peak effort were 
observed. 
Cardiac output (Table 2). Cardiac output increased with 
increasing absolute and relative work intensities in all three 
groups of subjects. The slope of the relation between cardiac 
output and oxygen uptake did not differ significantly among 
exercise modes in healthy 54 year old men (Fig. 2A). 
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Figure 1. Physiologic indexes of cardiovascular and pulmonary 
function at rest (R) and during peak effort for each of four modes of 
dynamic exercise-Curl (C) = one arm curl; I Arm (IA) = one arm 
cycle ergometry; 1 Leg (IL) = one leg cycle ergometry: 2 Leg (2L) 
= two leg cycle ergometry-for 5 normal 54 year old men (NL) and 
10 patients with prior myocardial infarction (MI) without and with 
congestive heart failure (CHF). Data are mean values + SE. *p < 
0.05 versus normal 54 year old men; tp < 0.05 versus patients with 
prior myocardial infarction. 
However, the slope of this relation was inversely propor- 
tional to the size of the active muscle mass in patients with 
heart disease (p < 0.019 and p < 0.001 for postinfarction 
” Rest Curl 1Arm II.wY 2 Lsq 
(R) (C) (IA) (ii,’ (iij 
patients with prior infarction without and with heart failure, 
respectively) because of a reduced slope for the cardiac 
output-oxygen uptake relation during one and two leg cy- 
cling (p < 0.008 and p < 0.046, respectively) in the heart 
failure group and a similar trend that did not attain statistical 
significance in the no heart failure group. Peak cardiac 
output for the three forms of cycle ergometry work was not 
significantly different in patients with congestive heart fail- 
ure, in sharp contrast to results in normal subjects. Attenu- 
ation of the increase in peak oxygen uptake with increasing 
active muscle mass was explained by this finding (Fig. 1). 
Cardiac output in patients with heart failure was also re- 
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Table 1. Metabolic and Resoiratorv Data at Rest and During Exercise 
Exercise Mode and Work Rate 
Rest 
One Arm Curl 
I 11 
One Arm Cycle 
Ergometry 
1 II 
One Leg Cycle Ergometry Two Leg Cycle Ergometry 
1 II 111 1 II 111 IV 
o/c peak intensity 
NL 
Ml 
CHF 
00: (lilers/min) 
NL 
MI 
CHF 
woz 
(liters/min) 
NL 
MI 
CHF 
C,iVO, 
NL 
Ml 
CHF 
O,/VCO, 
NL 
MI 
CHF 
0.30 0.37 0.52 0.65 
to.03 kO.02 50.02 ?O.OY 
0.27 0.35 0.46 0.52 
+0.01 i;O.Ol *0.00 +0.08 
0.28 0.28 0.45 0.4s 
20.03 to.02 to.02 to.07 
0.2V 0.36 0.54 0.68 
to.04 r0.03 eo.04 TO.13 
0.23 0.34 0.55 0.52 
CO.00 -0.02 co.05 TO.07 
0.25 0.26 0.50 0.42 
?O.OI 20.02 20.07 20.09 
54.4 61.9 53.7 54.3 46.2 40.9 40.2 45.5 40.2 35.8 37.9 45.0 
Al.9 210.0 e5.3 t4.3 k2.2 52.9 22.5 23.0 e2.7 21.2 il.0 k3.l 
46.7 57.9 71.7 57.9 55.3 40.1 41.0 48.5 41.4 33.8 36.3 42.7 
A7.2 210.3 + 14.0 % 10.3 24.1 24.0 21.4 ?I.3 *5.4 ?I.1 1-2.3 t2.6 
56.8 60.7 64.9 60.7 66.4* 52.4 52.5** 65.6*+ 56.2 47.3*+ 51.8’t 62.5*t 
212.6 Z5.1 23.1 k5.7 A5.V +6.2 22.2 T3.1 ~5.2 t, * T3.4 23.5 
59.5 63.2 52.2 53.5 42.6 42.4 38.3 39.5 47.6 37.1 36.1 38.9 
23.7 ~5.6 24.4 24.7 20.9 22.3 ?I.1 22.6 ~4.6 21.0 to.5 fl.5 
54.8 60.3 57.1 57.1 50.0 44.9 38.9 43.7 46.6 37. I 36.6 38.6 
T4.5 z4.3 25.6 ~6.4 ~1.8 +4.5 21.4 AO.9 23.3 21.1 Tl.8 ?I.8 
79.9 79.2 60.6 67.1 56.8*+ 57.5 51.0*+ 55.3*+ 68.2*+ 51.7*t 48.4** 54.4*t 
211.4 27.3 23.9 ~6.3 k2.9 28.5 ‘-4.3 T3.3 ~6.8 T3.3 21.9 ~3.6 
72 
i? 
77 
i3 
61 
?3*t 
loo 
100 
loo 
57 
-t3 
59 
+7 
56 
23 
IO0 
100 
IO0 
I.13 0.89 1.37 1.70 0.69 I .20 1.69 2.12 
TO. 13 to.12 kO.12 to.19 TO.03 to.u7 rO.ll 20.14 
0.88 0.75 I.21 1.42 0.67 1.12 I .56 I .87 
20.06 +0.11 io.11 TO.12 +0.05 iO.04 to.15 kO.14 
0.77* 0.61 0.91” 1.15* 0.54 0.76* I .08* I .33* 
52 81 
f4 i-2 
51 85 
+6 *5 
52 79 
23 24 
100 
100 
loo 
33 57 80 
+3 22 +5 
36 61 83 
+3 i4 +3 
40 58 83 
+3 T4 r3 
100 
100 
100 
*p < 0.05 versus 54 year old men: tp < 0.05 versus patients with prior myocardial infarction. Data are mean f standard error. CHF = congestive heart failure; 
MI = myocardial infarction; NL : normal 54 year old men; I, Il. 111. IV = work rate 1, II, 111, IV, respectively. VCO, = carbon dioxide production; v,lvCO, 
= ventilatory equivalent for carbon dioxide production; v&O2 = ventilatory equivalent for oxygen uptake. 
20.09 20.09 zo.12 ?O. I4 ?0.08 kO.07 ?O.Ol +0.15 
1.23 0.87 1.44 
~0.16 20.14 ~0.16 
0.98 0.68 1.29 
+0.09 ZO.11 ~0.16 
I. 
I. 
97 0.59 1.16 
20.24 20.04 kO.08 
.59 0.5Y 1.02 
20. I7 20.07 AO.02 
I. 
I. 
.I5 2.48 
kO.12 20.26 
.56 2.08 
~0.18 ?O.l8 
O.SV* 0.56 0.97 I .37* 0.45 0.70% 1.15* 1.54* 
?O.lO kO.09 io. IS 50.16 to.07 ~~0.08 TO.10 fO.18 
duced at a given relative work rate, particularly for cycle 
ergometry exercise (Fig. 2A). Significant differences be- 
tween normal subjects and patients with prior infarction 
without heart failure were only evident during peak one and 
two leg cycling. 
Heart rate. Heart rate increased progressively with higher 
absolute and relative work rates in all groups of subjects (Fig. 
2C). For healthy 54 year old men, there was an inverse effect 
of active muscle mass size on the slope of the relation 
between heart rate and oxygen uptake (p = 0.017). This effect 
was attenuated in patients with prior infarction without heart 
failure and absent in those with severe left ventricular dys- 
function. The latter difference was associated with loss of 
chronotropic reserve in patients with heart failure that ap- 
proached but did not attain statistical significance. Decre- 
ments in peak heart rate ranged from 5% for one arm curl (91 
r 4 versus 96 + 3 beats/min for heart failure and normal 
groups, respectively; p = NS) to 15% for two leg cycling (132 
? 9 versus 155 2 6 beatslmin for the same two groups, 
respectively; p = 0.055). For all three groups of subjects, 
heart rate at any given relative work intensity was directly 
related to size of the active muscle mass (all p < 0.05). 
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Table 2. Linear Regression Analysis of Cardiac Output-Oxygen 
Uptake Relations for Three Modes of Cycle Ergometer Exercise 
in 5 Normal 54 Year Old Men and IO Patients of Similar Age 
Without and With Congestive Heart Failure 
Cycling Mode Slope Intercept r2 
Normal group 
One arm 
One leg 
Two legs 
Patients with prior MI 
One arm 
One leg 
Two legs 
Patients with CHF 
One arm 
One leg 
Two legs 
8.39 2.59 0.88 
6.17 3.63 0.88 
6.51 3.31 0.85 
9.33 1.86 0.88 
6.YU’ 2.68 0.90 
5.53*t 3.07 0.89 
7.62 0.94 0.65 
4.45*is 2.05 0.83 
4.58*$ 2.18 0.82 
*p < 0.05 versus one arm; tp < 0.05 versus one leg: tp < 0.05 versus 
normal: Bp < 0.05 versus postmyocardial infarction. CHF = congestive heart 
failure: Ml = myocardial infarction. Data are mean values f SE. 
Stroke volume. Increments in stroke volume occurred 
with greater absolute and relative exercise intensities until a 
plateau was attained at approximately 50% peak effort (Fig. 
2D). For normal subjects. stroke volume was greater for leg 
versus arm work, particularly during submaximal effort at the 
same relative intensity. The same pattern of results was 
observed for patients with heart disease, but was less evident 
in those with heart failure because of a marked decrement in 
their stroke volume reserve. Exercise stroke volume was 
reduced 13% to 23% in these patients without heart failure 
and 30% to 50% in those with heart failure (both p < 0.05). In 
the latter group, stroke volume at peak effort was most 
diminished for the three modes of exercise involving the 
largest active muscle mass (-41%, -50% and -44% for one 
arm, one leg and two leg cycle ergometry, respectively), but 
only 30% for peak one arm curl (all p < 0.05). 
Arteriovenous oxygen difference. The arteriovenous oxy- 
gen difference widened with increasing work intensity, and 
during peak two leg cycling was more than twice that during 
seated rest (Fig. 2B). A steeper slope for the arteriovenous 
oxygen difference-oxygen uptake relation was observed for 
patients with heart failure than for the other two groups of 
subjects (both p < 0.05), partially compensating for the poor 
cardiac output reserve of the former group. At a given 
relative work rate. arteriovenous oxygen difference in all 
three groups of subjects was directly related to size of the 
active muscle mass. During one and two leg cycling at the 
same relative work rate, patients with heart failure attained 
a greater arteriovenous oxygen difference than did the other 
two groups of subjects (all p < 0.05). 
Systolic blood pressure. For all three groups, systolic 
relation between systolic pressure and oxygen uptake was 
inversely proportional to size of the active muscle mass (all 
p < 0.002). Thus. systolic pressure at a given metabolic rate 
was highest for arm curl and lowest for one and two leg 
cycling (all p < 0.05). However, peak systolic pressure in 
normal subjects and patients without heart failure was 
greater for two leg cycling than for other exercise modes 
(p < 0.05), whereas patients with heart failure manifested 
blunted systolic pressure responses to heavy cycle ergome- 
try exercise, resulting in obliteration of differences among 
exercise modes at peak effort. For all three groups of 
subjects, expression of results in terms of relative effort 
reduced the influence of exercise mode on systolic pressure 
during submaximal work. 
Diastolic blood pressure. The effect of active muscle mass 
size on diastolic pressure responses was similar but more 
pronounced than for systolic pressure (Fig. 3B). There was no 
significant difference in the pattern of diastolic pressure 
responses among the three subject groups. The variance in 
diastolic pressure among exercise modes was largely removed 
by expression of results in terms of relative work rate. 
Diastolic pressure responses of patients with prior infarction 
without heart failure were also normalized for heart rate- 
systolic pressure product, a widely used index of myocardial 
oxygen uptake. Expressed in this manner, diastolic pressure 
was higher for arm versus leg exercise (p < 0.05) (Fig. 4). 
Total peripheral resistance. For all three groups of sub- 
jects, there was a curvilinear decline in total peripheral 
resistance with increasing absolute and relative work rates 
(Fig. 3C). The relation between peripheral resistance and 
oxygen uptake was not significantly different among exercise 
modes. For results expressed in terms of relative effort, 
however, peripheral resistance was lower for the three forms 
of cycle ergometry than for arm curl (p < 0.05). Patients with 
heart failure had higher total peripheral resistance values at 
rest and for all modes and intensities of exercise than normal 
subjects or patients with prior infarction without heart 
failure (p < 0.05). Differences ranged from 16% at rest to 
>80% (heart failure group versus normal group) during one 
and two leg cycling (all p < 0.05). 
Pulmonary ventilation. A progressive increase in pulmo- 
nary minute ventilation occurred with greater absolute and 
relative work rates in all three groups of subjects (Fig. 5). 
Pulmonary ventilatory responses were directly related to 
size of the active muscle mass when these data were 
expressed in terms of relative effort. Thus, pulmonary ven- 
tilation at the same relative intensity was greater for one and 
two leg cycling than for arm exercise (p < 0.05). However. 
these results only reflect the close relation between ventila- 
tion and oxygen uptake or carbon dioxide production be- 
cause there was no difference among exercise modes in 
ventilation expressed in terms of metabolic rate. In the 
blood pressure increased progressively as absolute and normal group, this observation was explained by the absence 
relative work intensity increased (Fig. 3A). The slope of the of an effect of active muscle mass size on respiratory rate at 
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a given absolute exercise intensity (Fig. 6), in stark contrast 
to earlier results obtained in young men (3). However, at 
similar relative work rates, both respiratory rate and tidal 
volume were greater for leg work than for arm work (p < 
0.05). Patients with heart failure tended to manifest a steeper 
slope for the minute ventilation-oxygen uptake relation than 
did normal subjects and patients without heart failure, a 
trend that was significant for one leg cycle ergometry (p < 
0.05). Ventilatory equivalents for oxygen and carbon dioxide 
were higher in patients with heart failure than in the normal 
and no heart failure groups during heavy arm and leg cycle 
ergometry (p < 0.0s) (Table I), but not during one arm curl, 
which required the smallest active muscle mass. 
Discussion 
Exercise capacity in heart failure. Patients with conges- 
tive heart failure are reported to experience increased mus- 
cular fatigue, even during local forearm exercise (IS). These 
E OXYGEN UPTAKE IL/mm) 
X PEAK INTENSITY 
3 OXYGEN UPTAKE (L/m,n) 
X PEAK INTENSITY 
Figure 2. Physiologic indexes of cardiac function and oxygen 
extraction at rest and as a function of oxygen uptake and percent (%) 
of peak exercise intensity during submaximal and peak effort for 
each of four modes of dynamic exercise-A = rest: 0 = one arm 
curl; I = one arm cycle ergometry; 0 = one leg cycle ergometry; 
0 = two leg cycle ergometry- for 5 normal 54 year old men (NL) 
and IO patients with prior myocardial infarction (Ml) without and 
with congestive heart failure (CHF). Probability (p) values within 
parentheses denote significance of the effect of exercise mode. 
Symbols indicate differences in physiologic response-oxygen uptake 
relations among subject groups (upper panels) or differences in 
physiologic responses at a given percent of peak exercise intensity 
among subject groups or exercise modes (lower panels). Data are 
mean values f. SE. *p < 0.05 versus normal 54 year old men; tp < 
0.05 versus patients with prior myocardial infarction. A = p < 0.05 
versus two leg cycle ergometry; B = p < 0.05 versus one leg cycle 
ergometry; C = p < 0.05 versus one arm cycle ergometry. 
symptoms have been ascribed to abnormalities in skeletal 
muscle blood flow or substrate metabolism, or both (15-17). 
Our data indicate that despite a severe limitation of capacity 
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Figure 3. Blood pressure and total peripheral resistance at 
rest and as a function of oxygen uptake and percent (%) of 
peak exercise intensity during submaximal and peak effort 
for each of four modes of dynamic exercise-A = rest; 0 
= one arm curl; I = one arm cycle ergometry; 0 = one 
leg cycle ergometry; 0 = two leg cycle ergometry-for 5 
normal 54 year old men (NL) and 10 patients with prior 
myocardial infarction (MI) without and with congestive 
heart failure (CHF). Probability (p) values within paren- 
theses denote significance of the effect of exercise mode. 
Symbols indicate differences in physiologic response- 
oxygen uptake relation among subject groups (upper 
panels) or differences in physiologic responses at a given 
percent of peak exercise intensity among subject groups 
or exercise modes (lower panels). Data are mean values ? 
SE. *p < 0.05 versus normal 54 year old men; tp < 0.05 
versus patients with prior myocardial infarction; A = p < 
0.05 versus two leg cycle ergometry; B = p < 0.05 versus 
one leg cycle ergometry: C = p < 0.05 versus one arm 
cycle ergometry. 
for two leg cycling, such patients retain a nearly normal peak oxygen transport, but reflect other abnormalities such as 
oxygen uptake for work such as single arm flexion that excessive anaerobic metabolism (15,17). Peak oxygen up- 
involves use of only very small muscle groups. The capacity take was reduced by >30% in these patients for three forms 
for systemic oxygen transport is a major determinant of peak of cycle ergometry requiring the use of a larger muscle mass 
oxygen uptake (8). Thus, our findings support the concept than arm curl work, and increments in peak oxygen uptake 
that symptoms of fatigue in patients with heart failure during among exercise modes involving successively larger muscle 
local exercise are not a direct result of impaired systemic groups were smaller than in healthy subjects or patients with 
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Figure 4. Diastolic blood pressure as a function of heart rate- 
systolic blood pressure product (rate-pressure product) at rest and 
during submaximal and peak effort for each of four modes of 
dynamic exercise-A = rest; 0 = one arm curl; H = one arm cycle 
ergometry; 0 = one leg cycle ergometry; 0 = two leg cycle 
ergometry-for 5 patients with prior myocardial infarction (MI). 
Data are mean values ? SE. A = p < 0.05 versus two leg cycle 
ergometry; B = p < 0.05 versus one leg cycle ergometry. 
myocardial infarction of similar age. Therefore, despite 
maintenance of normal peak oxygen uptake for very small 
muscle mass work, relative saturation of the oxygen trans- 
port system occurs in patients with heart failure during 
exercise of a smaller muscle mass than in other patients with 
heart disease or healthy subjects with normal functional 
capacity. 
Cardiac output during exercise. Saturation of the oxygen 
transport system resulted from inability of patients with 
heart failure to generate a normal cardiac output response to 
exercise involving large muscle groups. Such patients were 
unable to augment peak cardiac output for one and two leg 
cycling above that for arm cycle ergometry, whereas healthy 
subjects and patients without heart failure were able to 
sequentially increase peak cardiac output for one arm curl, 
one arm cycle ergometry and leg cycle ergometry. Even 
during submaximal effort, the slope of the relation between 
cardiac output and oxygen uptake was blunted in the heart 
failure group in proportion to size of the active musculature, 
being most severely reduced for one and two leg cycling. In 
contrast, the slope of this relation was not significantly 
different among exercise modes in healthy subjects, and 
intermediate results were obtained in patients without heart 
failure. These findings are consistent with results of previous 
investigations (10,18) showing that cardiac output in patients 
with heart failure is compromised during lower limb exer- 
cise. Our data extend this observation by demonstrating that 
the magnitude of impairment in cardiac output is propor- 
tional to size of the exercising muscle mass. 
Arteriovenous oxygen difference during exercise. Patients 
with heart failure compensated for a restricted cardiac 
output by greater widening of the arteriovenous oxygen 
difference than that observed in healthy subjects or patients 
without heart failure. This effect was particularly evident 
during heavy one and two leg cycling. Our data suggest that 
nearly complete oxygen extraction occurs under these con- 
ditions. This interpretation is supported by the findings of 
LeJemtel et al. (l9), who reported femoral vein oxygen 
content values of only 2 ml/l00 ml blood in patients with 
heart failure versus almost 5 ml/l00 ml blood in normal 
subjects during peak lower limb cycle ergometry (19). 
Heart rate and stroke volume during exercise. The 
blunted cardiac output reserve in patients with heart failure 
was due to a modest reduction in peak heart rate and a 
markedly impaired stroke volume reserve. Loss of stroke 
volume reserve was greatest for the three forms of exercise 
having the largest active muscle mass (one arm and one and 
two leg cycle ergometry). Heart failure often results in 
diminished myocardial contractile and preload reserves 
(20,21), impaired sympathetic drive or agonist responsive- 
ness (22,23) or blunted vasodilation in active skeletal muscle 
of patients with heart failure (16). In healthy subjects. large 
muscle mas5 work probably results in greater relative aug- 
mentation of ventricular filling (4,5), more intense sympa- 
thetic nervous stimulation (24) and a larger region of activity- 
Figure 5. Pulmonary ventilation at rest and as a function of oxygen 
uptake, carbon dioxide production and percent (93 of peak exercise 
intensity during submaximal and peak effort for each of four modes 
of dynamic exercise-A = rest; 0 = one arm curl; I = one arm 
cycle ergometry; 0 = one leg cycle ergometry; 0 = two leg cycle 
ergometry-for 5 normal 54 year old men (NL) and IO patients with 
prior myocardial infarction (MI) without and with congestive heart 
failure (CHF). Data are mean values ? SE. A = p < 0.0s versus two 
leg cycle ergometry; B = p < 0.05 versus one leg cycle ergometry. 
z CARBON DIOXIDE PRODUCTION (L/min) 
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induced skeletal muscle vasodilation than small muscle mass 
work (3). Hence, a reduction in stroke volume reserve is 
likely to be most apparent during large muscle mass work 
when expression of these physiologic reserve mechanisms is 
maximal. 
There was no evidence that our findings were related to 
exercise-induced myocardial &hernia, cardiac arrhythmias 
or medication. No patients with heart disease developed 
symptoms or ECG signs of ischemia at the time of exercise 
testing. Although their stroke volume was reduced, it did not 
decline below rest values during effort. Ventricular prema- 
ture beats were observed in several patients with heart 
disease, but their frequency was not adversely affected by 
exercise. Brief clinical evaluations before physiologic testing 
provided no evidence that stroke volume reserve was com- 
promised by diuretic-induced volume depletion. Finally, the 
negative inotropic activity of antiarrhythmic agents such as 
quinidine and phenytoin is modest. 
Blood pressure response during exercise. The dramatic 
inverse effect of active muscle mass size on blood pressure 
responses to exercise was not altered by the presence of 
heart failure when these responses were expressed as a 
function of absolute work rate. Thus, blood pressure at a 
given metabolic rate was greater for small versus large 
muscle group work both in patients with heart failure and in 
the two groups without heart failure. Earlier studies by other 
investigators reported greater hemodynamic responses to 
arm versus leg work in young healthy subjects (4,5,7), but 
only two modes of exercise were compared and little infor- 
mation on this topic has been available in patients with heart 
disease and older subjects (6,25). 
A major determinant of blood pressure during exercise is 
the relation between regions of local metabolite-induced 
vasodilation in the active musculature and reflex-induced 
systemic vasoconstriction in nonworking tissue (24). The 
afferent limb of the reflex arc influences heart rate and 
cardiac output as well as systemic vasoconstrictor tone 
through input from skeletal muscle chemoreceptors (26,27). 
Afferent activation is more pronounced for small than large 
muscle mass exercise of a given absolute intensity because 
of greater local metabolic stress. Patients with heart failure 
are known to have abnormalities in sympathoadrenal and 
baroreflex function (22,28). Our data are consistent with the 
concept that skeletal muscle chemoreceptors are important 
for the regulation of blood pressure in humans during exer- 
cise, and suggest that this mechanism remains largely intact 
in heart failure and with aging. 
The striking inverse relation that we observed between 
size of the active muscle mass and diastolic blood pressure 
at (I given heart rate-systolic pressure product (rate-pres- 
sure product) may have important clinical implications. 
Despite the widespread belief that arm exercise is inadvis- 
able for patients with ischemic heart disease, several studies 
(25.29,30) have shown that the rate-pressure product at the 
angina threshold is similar or slightly greater for arm work 
than for leg work, perhaps because of a smaller ventricular 
volume resulting in lower wall stress at any given systolic 
arterial pressure. Other reports (31) have indicated that the 
sensitivity of arm cycle ergometry is lower than that of leg 
cycle ergometry for the detection of coronary artery disease. 
Coronary perfusion occurs predominantly during diastole. A 
higher diastolic pressure for a given cardiac metabolic rate 
during arm versus leg exercise may result in a similar or 
more favorable balance between myocardial oxygen supply 
and demand during arm work, resulting in fewer manifesta- 
tions of ischemia at the same rate-pressure product. 
For exercise intensity expressed in terms of relative work 
rate (percent of peak intensity), heart rate and systolic blood 
pressure in healthy subjects and patients with heart disease 
without heart failure were directly related to active muscle 
group size, reflecting the close coupling of cardiac output to 
metabolic rate. However, in patients with heart failure the 
increase in systolic pressure was blunted during heavy leg 
exercise. This finding probably resulted from reduced car- 
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disc pump function because total peripheral resistance was 
markedly elevated under these conditions. The latter phe- 
nomenon is important for maintenance of blood Row to vital 
organs such as the heart and brain during exercise, despite 
widespread vasodilation in skeletal muscle (16). As a conse- 
quence, diastolic pressure responses in our patients with 
heart failure were not significantly altered despite major 
reductions in peak systolic pressure and cardiac output. The 
closer coupling of heart rate to systemic metabolic rate and 
of arterial pressure, particularly diastolic pressure. to rela- 
tive work rate (and implicitly to metabolic rate of the active 
musculature) indicate that variations exist in the relative 
importance of control mechanisms for regulation of different 
aspects of the cardiovascular response to exercise. 
Pulmonary ventilation. There was no significant effect of 
active muscle mass size on pulmonary ventilation of patients 
with heart disease or older men at given levels of oxygen 
uptake or carbon dioxide production. These data are in 
contrast to earlier findings (3) in young men in whom minute 
ventilation and particularly respiratory rate were observed 
to be inversely proportional to active muscle mass size. The 
difference between young and older subjects reflects atten- 
uation in the older group of the exponential increase in 
respiratory rate typically observed in young subjects at 
exercise intensities 275% of maximal effort. This finding is 
well documented in young subjects (3,32); however, fewer 
data are available characterizing respiratory frequency of 
healthy older subjects and patients with heart disease under 
these conditions. The respiratory frequency of our older 
subjects during peak leg cycle ergometry was similar to 
values reported by Weber et al. (IS) and Hansen et al. (33) 
during peak treadmill or bicycle work, respectively. These 
data suggest that peak respiratory rate, like heart rate, may 
decline with aging. 
We thank Phyllis Anderson and Carolyn Donahue for preparation of the 
manuscript. 
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